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ABSTRACT

The normalized change in ultrasonic "natural" velocity as a function of
stress and tenperature was neasured in a unidirectional |amnate of
T300/ 5208 graphi te/ epoxy conposite using a pul sed phase | ocked | oop
ultrasonic interferoneter. These neasurenents were used together with the
linear (second order) elastic nmoduli to cal cul ate sone of the nonlinear
(third order) noduli of this materi al

| NTRODUCT! ON

Nonl i near elastic noduli are inmportant physical properties in
conventional materials. They provide information about the interatomc
bondi ng forces in crystalline solids. Nonlinear properties are also
i mportant in the nondestructive determ nation of applied and residua
stress (strain) and several investigations have al so established a possible
rel ati onshi p between nonlinear elastic properties and ultimate strength in
al umi num and carbon steel [1,2]. Conventional mechanical testing does not
have sufficient sensitivity to neasure the nonlinearity in the nmechanica
behavior in nost materials. However, the effects of nonlinear elasticity
on el astic wave propagation such as harnoni c generation, elastic wave
i nteraction, and vel ocity dependence on applied stress or tenperature can
be used to characterize these properties.

In this research, an effort was nade to determine the nonlinear elastic
nmodul i of a unidirectional T300/5208 graphite/epoxy conposite. This was
acconpl i shed by first determining the |inear elastic noduli by both strain
gage neasurenents during quasi-static uniaxial |oading and ultrasonic
vel ocity measurenents. The stress and tenperature dependence of the
ultrasonic "natural" velocity was neasured using a pul sed phase | ocked | oop
interferometer. Equations were derived to relate the stress dependence
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of the velocity, and the linear elastic moduli to the nonlinear elastic
nmoduli. |In addition, a |l east squares nmethod was applied to calculate a
best fit for the nonlinear noduli fromthe neasured data. Although

uni di recti onal conposites are nost often characterized as transversely
isotropic materials, the nmeasured linear and nonlinear elastic properties
exhi bited small deviations fromthis transversely isotropic behavior
Thus, the nonlinear noduli were calculated for nodels of transversely

i sotropic and orthotropic elastic synmetry.

LI NEAR ( SECOND ORDER) ELASTI C PROPERTI ES

The material used in this study was cut froma thick (0.8 in.)
uni di rectional |am nate of T300/5208 graphite/epoxy. The original |amnate
was ultrasonically C scanned for gross voids and defects. None were found
to be present.

The linear elastic stiffness noduli were cal cul ated from neasurenments of
the density and ultrasonic wave speeds at 2.25 MHz. Al though these
neasur enents woul d have ideally been made on a single specinen to avoid any
errors due to sanple to sanple variations, the |large attenuation of shear
node waves necessitated the use of several specimen. The di nensions and
densities of these sanples are given in Table 1. The I ongitudina
nmeasurenents were nade on sanple 1.10A while the shear wave neasurenents
were made on the other three. The equations used for these cal cul ations
were sinmilar to those presented by Kriz and Stinchconb [3] for a
transversely isotropic conposite material. However, in this work, the
fiber axis was designated as the x; direction as indicated by Fig. 1. The

ul trasoni c nmeasurenents denonstrated deviations fromtransversely isotropic
behavior. Therefore, the stiffness noduli were al so cal cul ated using
orthotropy as the elastic symetry nodel. The stiffness nmoduli for this
material for both the transversely isotropic and orthotropic symretry
nmodel s are presented in Table 2. The large uncertainties in the c;3 and

Co3 Moduli are due to the large uncertainties in the velocity nmeasurenents

of the off axis non-pure nbde waves needed to cal cul ate these noduli.
These neasurenments were nmade on specinmens cut with the direction of
propagation 45 degrees between the x; and x5 axes.

The linear elastic conpliance noduli were determ ned using strain gage
nmeasur enents and uni axi al conpressive quasi-static |oading. The neasured
noduli are presented in Table 3. Again, there was a snall deviation from
transversely isotropic behavior. The stiffness noduli were inverted and
conpared with the conpliance noduli and were found to be in good agreenent.

NONLI NEAR ( THI RD ORDER) ELASTI C PROPERTI ES

Using the linear elastic stiffness and conpliance noduli, the nonlinear
elastic noduli can be cal cul ated from neasurenents of the stress dependence
of the ultrasonic "natural" velocity. The "natural" velocity (W was
defined by Thurston and Brugger [4] as the velocity referred to the

unstressed or natural state. It is given by
L
0
W:t_ ) (1)

where Ly is the specimen length in the natural or unstressed state and t is
the time of flight of the ultrasonic wave. Since Ly is a constant, the

normal i zed change of "natural™ velocity with respect to a change in



tenperature or stress is given by

W a )

Thus, only the change in time of flight of the ultrasonic wave need be
neasur ed.

In these nmeasurenents however, a pul sed phase | ocked | oop (P2L2)
ultrasonic interferoneter was used to nmeasure changes in "natural" velocity
at frequencies near 2.25 MHz. This instrument, devel oped by Heyman [5], is
shown schematically in Fig. 2. The heart of the P2L2 is a voltage
controlled oscillator (VCO which generates a continuous wave signal of a
frequency that is controlled by a D.C. input signal. A portion of the
signal fromthe VCOis gated out into a tone burst and is then used to
excite the ultrasonic transducer. The resulting elastic wave is |aunched
into the sanple and is then detected either by the same transducer in the
pul se echo node or another transducer in the through transni ssion node.

The received signal is input into the P2L2 where it is phase conmpared with
the signal fromthe VCO at a presel ected phase point using a sanple and
hol d. The sanpled voltage fromthe phase detector is then used to drive
the VCOto a condition of quadrature. The acoustic phase shift (6) given

by
0 = 2naft (3)

where f is the frequency, is then nmaintained as a constant by the feedback
| oop and therefore

AO = 0 = 2n(tAf + fAt) . (4)
Conbi ni ng equations (3) and (4) vyields

&:O:£+A_t (5)
0 f t
and t hus,
Af At AW
T T W (©)

By nmonitoring the nornmalized change of frequency of the P2L2, the
normal i zed change in "natural" velocity is determ ned.

The nmeasurements nmade in this work were of the Stress Acoustic Constants
(SAC) and the Thernal Acoustic Constants (TAC). The Stress Acoustic
Constant, as defined by Heynan [2] and Cantrell [6] is given by

AW Af
W f
H= — = — (7)
Ao Ao
where o is the applied stress which is either hydrostatic or uniaxial. The

SAC s were nmeasured for twenty seven conbi nations of stress, direction of
propagati on and pol ari zation of the ultrasonic wave. To differentiate

bet ween these, each SAC is given three subscripts. The first represents
the direction of applied stress which was linmted to being along one of the
three coordinate axes. A 0 for this subscript inplies that the | oading was
hydrostatic. The second subscript gives the direction of propagation and



the third gives the polarization direction. These were also limted to
bei ng pure node waves along the three coordi nate axes. The direction of
propagati on was al ways perpendicular to the direction of |oading for the
uni axi al SAC neasurenents whi ch were made under conpression. The sane
speci men that were previously described were used for these measurenents.

During the uniaxial SAC nmeasurenents, the specinen were | oaded to
bet ween 80 and 100 MPa. The | oading rate was varied considerably (25 to
500 MPa/Mn.) to determine its effect on the measured vel ocity changes.
Wthin this range there was no nmeasured effect indicating that viscoelastic
effects were negligible. Each uniaxial SAC value was determ ned fromthe
average of ten neasurenents during which the transducer was rebonded to the
sanmpl e several tinmes. Although nost of the measurenments denonstrated
linear relationships between normalized frequency shift and stress, severa
exhi bited nonlinear (quadratic) behavior. These were fit to a quadratic
fit with the SAC value taken as the linear termof this fit. The neasured
val ues for the uniaxial SAC s are shown in Table 4 with those which were
qgquadratic designated by an *. Typical curves for two of the uniaxial
nmeasurenents are shown in Figs. 3 and 4. A bl ock diagram of the
experimental apparatus is shown in Fig. 5.

The hydrostatic SAC nmeasurenents were made in a simlar fashion except
that the pressure chanmber was Iimted to a maxi mum of 250 psi. This was
about a factor of fifty lower than the uniaxial maxi mumstress. This much
| ower pressure produced smaller velocity changes naking these neasurenents
much nore uncertain. This limtation in pressure also nade the measurenent
of Hyzz i npossi bl e because the changes invol ved were too snall to be

detected with the P2L2. The neasurenents al so had to be nade over |ong
periods of tine to avoid tenperature variations caused by increasing the
pressure of the Argon gas in the chanber. Because of the long | ength of
time required to nake each neasurenment only three nmeasurenents were
averaged for each hydrostatic SAC value. The results are presented in
Table 4 with a typical curve shown in Fig. 6. The block diagram of the
neasurenent systemis shown in Fig. 7. For these small pressure changes,
the rel ationships were all |inear

The effect of tenperature on the "natural" velocity was al so neasured
for small variations about roomtenperature. The apparatus used for these
neasurenents was the sane as that used in the hydrostatic nmeasurenents.
The tenperature was increased above roomtenperature several degrees Cin
0.3 C steps using the heaters and tenperature controller in the pressure
vessel system The frequency shift was neasured at each point after
thermal equilibriumwas attai ned. The Thermal Acoustic Constants, defined
as

Af

f
H = — 8
AT (8)

where T is tenperature, are given in Table 5. The second and third
subscripts give the direction of propagation and pol arization respectively.
They were neasured for nine conbinations of propagation direction and

pol ari zation. The curves all exhibited linear rel ationshi ps.

The Stress Acoustic data was used to determ ne sone of the nonlinear
elastic nmoduli for this material. Since the linear elastic noduli and the
SAC data exhibited small deviations fromtransversely isotropic behavior
the noduli were calculated for both the transversely isotropic and
orthotropic elastic symetry nodels. For the case of transverse isotropy,



there are nine i ndependent third order nmoduli while for orthotropy there
are twenty. However, because Hy33 was unable to be determ ned, several of

the noduli could not be cal cul at ed. The transversely isotropic cq33 and

Casz and the orthotropic Ci33 , Cpz3 , €333, Cyp3 , and cueq coul d not be

det er mi ned.

The theoretical basis for these cal culations comes fromthe work of
Thurston and Brugger [4] who presented generalized equation for the
derivative of the "natural" velocity with respect to stress eval uated at
zero stress ((QNV)'WQ). These equations were witten in terns of the
unstressed density (pg), the adiabatic |inear elastic stiffness nodul

(c%jkl), the isothermal |inear elastic conpliance noduli (sﬂjkl), and the
third order elastic stiffness nmoduli (Cjjim). For the case of hydrostatic

pressure the equation was

) (pOV\?)p=0:1+2WFHC+GHC (9)
wher e
s
w= (pW) o= co NNUU, | (10)
F =s UU 11
HC Saars r-s ! (11)
and
T
GHC = SaauvcuvprququUr Us ' (12)

N and U are the direction cosines of the directions of polarization and
particle displacenments referred to the "natural" state. The sunmation
convention on repeated indices is assuned throughout this paper. For

uni axi al stress, the equation becones

- (pOV\7);,:0 = 2wk . + G . (13)



wher e

-

I:UC = Sabrs'vla\lvl)ur Us ! (14)
_ T

GUC - SabuvcuvprqsN!sllvlul\lpl\lqur Us ' (15)

and M are the conponents of a unit vector in the direction of stress which

i s always perpendicular to the direction of propagation of the ultrasonic

wave. The rel ationship between these equations and the SAC is given by

H = (16)
(2p,W)

Thus, a system of equations can be derived for the nodels of transverse

i sotropy and orthotropy that relate the neasured |inear elastic nmoduli and

SAC s to the unknown third order elastic coefficients. These equations,

al t hough too lengthy for presentation here, were presented by Prosser [7].
A |l east squares procedure as outlined by Hankey and Schuele [8], was

used to reduce the data and deternine a best fit for the values of the

nonl i near coefficients. This was done for both the transversely isotropic

and orthotropic elastic symmetry nodels. The results of this reduction

with the estimted maxi mum and probable Iimts of error are shown in Table

6. The values are all negative with the exception of cq53. This is in

agreenent with the nonlinear behavior of conventional materials. The |arge
uncertainties in some of the nmoduli arise fromthe |large uncertainty of the
hydrostati c SAC neasurenents. These |arge uncertainties mask any

devi ations fromtransversely isotropic behavior in the third order elastic

coefficients within the uncertainty of the cal cul ations.
SUMVARY AND CONCLUSI ONS

This research provides initial measurenents of the characterization of the

nonl i near el astic properties of graphite/epoxy conposites using ultrasound.



These will provide the basis for studying the rel ationshi ps between
nonl i near properties and nore inportant engi neering properties such as
ultimate strength, residual strength after inpact and fatigue |oadi ng, and
fiber-matrix interfacial strength. These neasurenents also serve as a
basis for a study into the ultrasonic measurenment of residual stress
(strain) in graphite/epoxy conposites which nmay ari se because of the

m smatch in coefficients of thernmal expansion of fiber and matrix. Thus,

t hese neasurenents of the nonlinear properties may aid in the devel opnent
of needed nondestructive eval uation techniques for graphite/epoxy
conposites. However, froma practical standpoint, the neasured SAC s

val ues are probably nore useful than the cal cul ated nonlinear moduli. This
i s because they are nore easily obtained with smaller experinenta
uncertainty and can be neasured in an individual specinen instead of
cal cul ated from neasurenents made in several specimen. Also, the SACs are
the quantities that are nore useful in experinental attenpts to neasure
applied and residual stress and may be inmportant in nondestructive

evaluation of ultimate strength of materials.
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Table 1 - Sanple dinensions and densities

Sanpl e Nunber Di nensions (in.) Density
X1 X5 X3 (g/ cr)
1. 10A 0. 8001 0. 7999 0. 8002 1.5404 +/- 0.0004
1.10B 0. 7999 0. 5002 0. 7996 1.5460 +/ - 0.0006
1.8A 0. 8002 0. 8000 0. 5002 1.5384 +/- 0.0005
1.7A 0. 5001 0. 8001 0. 7999 1.5411 +/- 0.0005

Table 2 - Linear Elastic Stiffness Mduli

Transverse |sotropy Value (GPa) Ot hotropy Val ue (GPa)
Cq1 14. 26 Cq11 14. 295
Cio 6.78 Cio 6.78

C13 3.0 - 8.9 C13 3.3 - 9.0



Table 2 - Continued
Transverse |Isotropy Value (GPa) Ot hotropy Val ue (GPa)
Ca3 108. 4 Ca3 108. 4
Css 5.27
Cee 3.74
Coo 14. 226
Co3 6.6 - 7.7
Table 3 - Linear elastic conpliance nodul
Transver se Val ue(GPa) -1 Ot hot r opy Val ue (GPa)-1
S11 0. 089 S11 0. 0890
S1o -0.063 S1o -0. 0626
S13 -0. 0021 S13 - 0. 00208
S33 0. 00935 S33 0. 00935
Soo 0. 0891
So3 -0. 00215
Table 4 - Stress Acoustic Constants
SAC Val ue (GPa)-! SAC  Value (GPa)-! SAC  Value (GPa)~*
Hi22" 0.0490 +/- 0.0009  Hy;1* 0.0427 +/ - 0.001 Hzo, 0.00116 +/- 0.00007
H3;1  0.00123 +/- 0.00001 H;,; 0.0887 +/- 0.0007 Hy1»> 0.0741 +/- 0.0010
H3p2 0.00279 +/- 0.00010 Hzy; 0.00299 +/ - 0.00010 H,;,3*0.068 +/- 0.002
Hy13* 0.0572 +/- 0.0010 Hso3 -0.00993 +/- 0.0004 Hy3 -0.00919 +/- 0.0003
Hi3; 0.165 +/- 0.003 Hy3, 0.149 +/- 0.002 Hi3o 0.111 +/- 0.002
Hy3; 0.109 +/- 0.001 Hi33 0.0538 +/- 0.0005 Hy33 0.0479 +/- 0.0003



HOll 0.39 +/- 0.02 H022 0.37 +/- 0.02 H012 0. 257 +/- 0.007
H021 0.261 +/- 0.006 H013 0.27 +/- 0.03 H023 0.27 +/- 0.02

H031 O 28 +/ - O 02 |_|032 0.25 +/- 0.02 H033 Not neasur ed



Tabl e

5 - Ther nal

Acousti ¢ Constants

TAC Val ue (104 c1) TAC Value (104 C1) TAC Value (104 c1)
Hriq -6.36 +/- 0.02 Hr,, -6.33 +/- 0.03 Hrio -8.5 +/- 0.1
Hroq -8.5 +/- 0.01 Hri3  -10.2 +/- 0.02 Hroa -10.1 +/- 0.2
Hrz1q -7.1 +/- 0.5 Hrzo -7.6 +/- 0.7 Hras -0.72 +/- 0.09
Table 6 - Third Order Elastic Mduli
Transverse | sotropy Ot hot r opy
Modul us Val ue Maxi num Pr obabl e Modul us Val ue Maxi mum  Probabl e
(GPa) Error Error (GPa) Error Error
Ci11  -214 17 4 Cq111 -196 15 3
Ci1o -89 12 3 Ci1o -94 5 1
C113 -4 110 23 C113 - 63 63 13
Cqi23 65 109 23 Cq1090 -91 8 2
Cia4 -33. 4 3 0.5 Cooo -186 21 4
Ci55 -49.1 4 0.8 Coo3 -60 93 19
C344 -47 30 6 C144 -33.0 2.4 0.5
Coss -47.8 3.3 0.7
C344 -46 27 6
Cis5 -50.1 3.9 0.8
Cogg -33.5 2.8 0.6



C3s55

Ci66

C266

C366

- 49

-33.9

-33.1

-28.5
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0.6
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